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REMARKS 

Claims 1-20 are pending in this application. In view of the following remarks, 
reconsideration and allowance of claims 1-20 are respectfully requested. 
Interview 

The courtesies extended to Applicants' representative by Examiners Graham and 
Marcheschi at the interview held February 3, 201 1, are appreciated. The reasons presented at 
the interview as warranting favorable action are incorporated into the remarks below, which 
constitute Applicants' record of the interview. 
35 U.S.C. §103ia^ Rejections 

The following claims were rejected under 35 U.S.C. §103(a) as allegedly being 
obvious: (1) claims 1-3 and 20 over Aldrich (U.S. Patent No. 6,008,164) in view of Deckman 
(U.S Patent Application Publication No. 2003/0158055); and (2) claims 4-19 over Aldrich in 
view of Deckman and further in view of Wittenbrink (U.S. Patent No. 6,506,297). Applicants 
respectfully traverse each of rejections (1) and (2). 

The lubricant base oil of claim 1 consists essentially of a normal paraffin and an 
isoparaffin, and satisfies the requirements: (a) an average carbon number Nc in one molecule 
is not less than 29 but not more than 35; (b) an average branch number Nb in one molecule, 
which is derived from a ratio of CH 3 carbon to total carbon determined by 13 C-NMR analysis 
and the average carbon number Nc in one molecule, is not more than (0.2Nc - 3.1) but not 
less than 1.5; and(c) a viscosity index is 145-170 and a kinematic viscosity at 40°C is 17-25 
mm 2 /s. 

The Patent Office alleges that Aldrich describes all of the features of claim 1 except 
above requirements (a) and (b) and the kinematic viscosity at 40°C being 17-25 mm 2 /s, as 
recited in claim 1. The Patent Office alleges that Aldrich describes ranges that overlap or lie 
inside the ranges recited in above requirements (a) and (b) of claim 1 and that Deckman 
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describes the kinematic viscosity recited in claim 1 . However, for at least the following 
reasons, the combination of Aldrich and Deckman would not have rendered obvious claim 1. 

Neither Aldrich nor Deckman describe requirements (a) and (b) recited in claim 1. 
Further, even if Aldrich or Deckman describe a range that overlaps with the ranges recited in 
claim 1 as the Patent Office alleges, the combination of Aldrich and Deckman would not have 
rendered obvious claim 1 in view of the unexpected results of requirements (a) and (b) recited 
in claim 1 . The Patent Office alleges that the claim ranges are optimized ranges that could 
have been found by routine experimentation. See page 7, lines 6-17 of the Office Action. 
Applicants respectfully disagree. 

As discussed in the April 27, 2010 Supplemental Amendment, the above features (a) 
and (b) recited in claim 1 allow the lubricant base oil to have a high viscosity and a low pour 
point. Mr. Kobayashi's Rule 132 Declaration (Declaration) included with the April 27, 2010 
Supplemental Amendment, and Table 2 of the specification, show by experiment that the 
claim ranges of Nc and Nb are required to allow for the recited viscosity index and to lower 
the temperature of the pour point. 

As shown in Table A of the Declaration, having (a) an average carbon number Nc in 
one molecule of not less than 29 but not more than 35 and (b) an average branch number Nb 
in one molecule, which is derived from a ratio of CH 3 carbon to total carbon determined by 
13 C-NMR analysis and the average carbon number Nc in one molecule, of not more than 
(0.2Nc - 3.1) but not less than 1.5, is critical to achieving (c) a viscosity index is 145-170 and 
a kinematic viscosity at 40°C is 17-25 mm 2 /s, as recited in claim 1 . 

The combination of Aldrich and Deckman does not describe, or provide any reason or 
rationale for one of ordinary skill in the art to have come to, above features (a) and (b) recited 
in claim 1 . 
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First, it is unexpected that the lubricant base oil of claim 1 has an average carbon 
number Nc in one molecule of not less than 29 but not more than 35 and also the kinematic 
viscosity at 40°C being 17-25 mm 2 /s. This unexpected result, as shown in the April 27, 2010 
Rule 132 Declaration, and specifically in Table A therein (in conjunction with Table 2 of the 
present application) was extensively discussed in the April 27, 2010 Supplemental 
Amendment. 

During the February 3 interview, the Patent Office alleged that the experimental 
evidence shown in Table A of the Declaration and Table 2 of the specification established 
unexpected results only for Nc values at the lower end of the claim range (i.e., a Nc of 29), 
and requested that further evidence be shown at the upper end of the claim range (i.e., a Nc of 
35). 

In response, Applicants provide the attached Journal article (Journal of the Japan 
Petroleum Institute, Vol. 48, No. 6, pages 365-372 (2005)). As shown in Fig. 14 of the 
Journal article, oil that has an average carbon number Nc of greater than 35 has a kinematic 
viscosity at 40°C of greater than 30 mm 2 /s , which is outside the range (17-25 mm 2 /s) of claim 
1*. This additional evidence confirms that it is unexpected that the lubricant base oil of claim 
1 has an average carbon number Nc in one molecule of not less than 29 but not more than 35 
and also the kinematic viscosity at 40°C being 17-25 mm /s 

Regarding requirement (b) of claim 1, the Patent Office alleges that Aldrich describes 
a range that overlaps with the recited range of claim 1, and thus requirement (b) of claim 1 
would have been obvious. Applicants respectfully disagree. 

Aldrich merely describes that the free carbon index of the branched paraffins is at 
least about 3 while the Nc may broadly be 20 to 40. See col. 2, lines 27-33 of Aldrich. 



* As shown from Fig. 14 of the Journal, it is also not inherent that an oUhaving a 
average carbon number of 35 will also have a kinematic viscosity of 17-25 mm /s. 
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Further, claim 1 requires a specific relationship between Nc and Nb, whereas Aldrich 
merely describes two independent, broad ranges for a free carbon index and a carbon number. 
There is no indication in Aldrich what Nb is for a given Nc value, and Aldrich describes no 
relationship between Nc and Nb. Thus, one cannot conclude that Aldrich describes a range 
that overlaps with claim 1 , because claim 1 requires Nb to be based upon Nc. 

The broad disclosure in Aldrich of a free carbon index does not describe or provide 
any reason or rationale for one of ordinary skill in the art to have come to an average branch 
number Nb in one molecule, which is derived from a ratio of CH 3 carbon to total carbon 
determined by 13 C-NMR analysis and the average carbon number Nc in one molecule, of not 
more than (0.2Nc - 3.1) but not less than 1.5, as recited in claim 1. 

Still further, the unexpected results evidence rebuts any alleged overlap position taken 
by the Patent Office. Aldrich is even further removed from the claim ranges than the 
comparative examples of Table 2 of the specification and Table A of the Declaration. For 
example, Table 2 of the specification shows Comparative Example 1 having an Nc value of 
28.2 (within the 20 to 40 range of Aldrich). At this Nc value, claim 1 would require Nb to be 
not more than 2.54 (calculated using (0.2Nc - 3.1)), but Comparative Example 1 has an Nb of 
2.74, and a poor kinematic viscosity less than 17. As another example, as shown in Table A 
of the Declaration, Comparative Example Al has an Nc value of 28.1 (within the range of 
Aldrich), but has a Nb value of 2.7, which is above the 2.52 value required by claim 1 at this 
value of Nc, and also has a poor kinematic viscosity. Accordingly, even if overlap were 
present, the evidence of record rebuts any prima facie obviousness on mere overlap alone. 

Thus, the evidence shows unexpected results for claim 1 having an average carbon 
number Nc in one molecule is not less than 29 but not more than 35, an average branch 
number Nb in one molecule, which is derived from a ratio of CH 3 carbon to total carbon 
determined by 13 C-NMR analysis and the average carbon number Nc in one molecule, of not 
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more than (0.2Nc - 3.1) but not less than 1.5, and also the kinematic viscosity at 40°C being 
17-25 mm 2 /s. 

As detailed above, the claimed relationship of features (a) and (b) are significant, and 
unexpected. Thus, Aldrich's disclosure that the free carbon index of the branched paraffins is 
at least about 3, in combination with a the broad carbon number of 20 to 40, does not render 
obvious the claimed range of not more than (0.2Nc - 3.1) but not less than 1.5, as recited in 
claim 1 , and the unexpected results associated therewith. 

Regarding the recited viscosity index of claim 1, the Patent Office admits that Aldrich 
does not describe a viscosity index of 145-170. Deckman does not remedy this deficiency of 
Aldrich. Deckman describes a Grout) II paraffinic oil* that is a hydrotreated oil having a 
viscosity of approximately 22.7 cSt at 40°C. See paragraph [0107] of Deckman. Deckman 
describes that the hydrotreated oil having a viscosity of 22.7 cSt at 40°C also has a viscosity 
index of 116 . See Table 3 of Deckman. Thus, even if the hydrotreated oil having a viscosity 
of approximately 22.7 cSt at 40°C were to have been combined with Aldrich, the resulting 
base oil would have had a viscosity index of 116, which is below the claim range of 145-170 
recited in claim 1 . 

Thus, Deckman does not describe a base oil having a viscosity index that is 145-170 
and a kinematic viscosity at 40°C that is 17-25 mm 2 /s, as recited in claim 1. Thus, Deckman 
does not remedy the deficiencies of Aldrich. 



* During the interview, the Patent Office alleged that the paraffinic oil of paragraph 
[0107] of Deckman is not the same as the oil in Table 3 of Deckman. However, Deckman, in 
paragraph [0107], describes a Group II base oil. Deckman further describes that Group II 
base oils have a viscosity index of less than 120 . See the Base Stock Properties table in 
paragraph [0021] of Deckman. Thus, regardless of whether the Group II oil of paragraph 
[0107] of Deckman is shown in Table 3, it must have a viscosity index of less than 120 , 
which is below and outside the recited range of claim 1 (i.e., a viscosity index is 145-170). 
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The combination of Aldrich and Deckman thus does not describe or render obvious 
the combination of requirements (a)-(c) recited in claim 1. Further, even if Aldrich or 
Deckman describe a range that overlaps with the ranges recited in claim 1 as the Patent Office 
alleges, the combination of Aldrich and Deckman would not have rendered obvious claim 1 
in view of the unexpected results of the combination of requirements (a)-(c) recited in claim 
1. 

Claims 2-3 depend from claim 1 . For at least their respective dependency, and for the 
additional features recited, the combination of Aldrich and Deckman also would not have 
rendered obvious claims 2-3. 

Wittenbrink does not remedy the above described deficiencies of Aldrich and Deckman. 
Wittenbrink does not describe, or provide any reason or rationale for one of ordinary skill in 
the art to have come to, features (a)-(c), as recited in claim 1 . Thus, the combination of 
Aldrich, Deckman and Wittenbrink would not have rendered obvious claim 1. 

Claims 4-19 depend from claim 1. For at least their respective dependency, and for the 
additional features recited, the combination of Aldrich, Deckman and Wittenbrink also would 
not have rendered obvious claims 4-19. 

In view of the above, withdrawal of the rejections (1) and (2) is respectfully requested. 
Concluding Remarks 

In view of the foregoing, it is respectfully submitted that this application is in 
condition for allowance. Favorable reconsideration and prompt allowance of claims 1-20 are 
earnestly solicited. 
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Should the Examiner believe that anything further would be desirable in order to place 
this application in even better condition for allowance, the Examiner is invited to contact the 
undersigned at the telephone number set forth below. 



Respectfully submitted, 




James A. Oliff 
Registration No. 27,075 



Andrew B. Whitehead 
Registration No. 61,989 

JAO:ABW/abw 

Attachment: 

Journal of the Japan Petroleum Institute article 

Date: March 7, 2011 

Oliff & Berridge, plc 
P.O. Box 320850 
Alexandria, Virginia 22320-4850 
Telephone: (703) 836-6400 



DEPOSIT ACCOUNT USE 

AUTHORIZATION 
Please grant any extension 
necessary for entry of this filing; 
Charge any fee due to our 
Deposit Account No- 15-0461 
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[Regular Paper] 

Viscosity Properties and Molecular Structure of Lube Base Oil Prepared from 

Fischer-Tropsch Waxes 

Manabu Kobayashi*, Masayuki Saitoh, Katsuaki Ishida, and Hiroshi Yachi 

Petroleum Refining Research & Technology Center, Japan Energy Corp., 3-17-35 Niizo-Minami, Toda, Saitama 335-8502, JAPAN 

(Received March 29, 2005) 

Lube base oils were prepared by hydrocracking/isomerization of Fischer-Tropsch synthesized waxes and long- 
chain a-olefins with various carbon chain lengths. Correlations between operation conditions, viscosity proper- 
ties of base oil, and molecular structures were investigated. Prepared base oils showed very high viscosity 
indexes of up to 159, but these varied widely with the severity of the hydrocracking/isomerization conditions and 
feedstock. Viscosity indexes of base oil had a good correlation with the severity of the hydrocracking/isomeriza- 
tion conditions, that is higher conversion resulted in lower viscosity index. "Average branching numbers" were 
calculated from the average carbon numbers and the ratio of CH, CHa carbons obtained from 13 C-NMR analysis, 
considering that the base oils mainly consisted of noncyclic paraffins. Increased conversion resulted in 
decreased average carbon number and increased average branching number with all feedstocks. Even with con- 
version of under 10%, about 2 branches per molecule were generated. On the other hand, the rate of generation 
of 3 or more branches was comparatively low. Average carbon number and average branching number also 
showed good correlations with the viscosity properties of the base oil such as kinematic viscosity and viscosity 
index. Viscosity indexes increased with higher average carbon number or lower average branching number. 
The effect of average carbon number or average branching number on the viscosity index depended on the feed- 
stock, so a new index (average carbon number) 2 X (average branching number)" 1 was introduced as a molecular 
structural parameter of paraffins, and the index was confirmed to indicate the viscosity index regardless of the 
feedstock. A similar structural parameter (average carbon number) 0 X (average branching number)* was applied 
to kinematic viscosity. Kinematic viscosities at 40°C and 100°C showed good correlations when (<z, b) = (3.5, 
0.9) and (3.0, 0.5), respectively. 



Keywords 

Fischer-Tropsch wax, a-Olefin, Isomerization, Lubricant base oil, Viscosity index, 
Average branching number 



1. Introduction 

The increasing interests in environmental issues have 
boosted the demand for high efficiency clean fuel, that 
is, sulfur- free diesel oil or gasoline. This recent tend- 
ency has also required improvement in the properties of 
lubricant oil cleaner and more efficient as well. 
According to a recent survey l \ the total demand for 
lube base oil has been almost constant during the past 
two decades, but the demand for high grade base oil 
(i.e. Group n or W) has gradually increased. Base oils 
prepared from paraffinic and clean source, such as 
Fischer-Tropsch (FT) synthesized paraffin, are becom- 
ing more attractive as these products mainly consist of 
noncyclic paraffins and have very high viscosity index- 
es 2 >. The Gas-to-Liquid project is now being devel- 
oped all over the world 3)4) and high performance lube 



* To whom correspondence should be addressed. 

* E-mail: ma.kobay@j-energy.co.jp 



base oil is expected to be a product from FT wax as 
well as clean fuel oil. 

One of the most fundamental structural parameters 
of base oil is the carbon number distribution, but this 
parameter is too complicated to relate to the perfor- 
mance of base oil, so the average carbon number was 
taken as the parameter that represents the size of 
molecule. Another important structural parameter is 
the branching of the paraffin molecule. Base oil con- 
tains so many isomers that it is impossible to identify 
all isomers, for example by chromatography. One 
effective way to measure the branching of base oil is to 
investigate the CH3 carbon or CH carbon ratio using 
13 C-NMR (nuclear magnetic resonance). Assuming 
that there is no quaternary carbon atom, the peaks of 
13 C-NMR can be assigned to CH, CH2, or CH3 carbon. 
Considering that base oil consists mainly of noncyclic 
paraffins, the average branching number can be calcu- 
lated using the ratio of CH or CH3 with average carbon 
number. 
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Table 1 Properties of Feedstock 









FTW-1 


FTW-2 


AO-1 


AO-2 


Density/15°C 




[g/cm 3 ] 


0.809 


0.817 


0.825 


0.848 


Carbon number distribution 




C18-35 


C19-54 


C20-36 


C28-46 


Iodide number 


[g/100 g-oil] 


N.A. 


N.A. 


73.9 


39.1 


Number of unsaturations 




[mol/mol] 


N.A. 


N.A. 


0.953 


0.760 


Distillation 


IBP 




316.0 


343.0 


336.5 


430.0 


properties [°C] 


10% 




379.0 


401.0 


343.5 


449.0 


(D 2887) 


50% 




416.5 


474.0 


368.5 


494.5 


90% 




456.5 


524.0 


431.5 


562.0 




EP 




488.5 


580.5 


521.0 


610.0 



N.A. = not analyzed. 



The present study investigated the relationship 
between the hydrocracking/isomerization conditions, 
quality of base oil products, and molecular structures to 
design the base oil molecular structure and optimize the 
base oil production. Base oils were prepared from FT 
waxes and long chain a-olefins under various hydro- 
cracking/isomerization conditions. The products 
showed a wide range of viscosity indexes from 1 14 to 
159 depending on operation conditions. We focused 
on relating these two structural parameters to the opera- 
tion conditions and viscosity properties of the base oil. 

2. Experimental 

2. 1. Hydrocracking / Isomerization of Feedstock 

FT waxes and long chain a-olefins were used as 
feedstock for the preparation of lube base oils. The 
carbon number distribution and other properties are 
shown in Table 1. Commercial isomerization cata- 
lyst HOP-302 (100 m/) developed by Japan Energy 
Corp. was filled in a fixed bed flow reactor with a-alu- 
mina (100 ml) as diluent. The hydrocracking/isomer- 
ization conditions were as follows: H2 pressure 4.0-9.0 
MPa, H2/oil ratio 660-1500 N///, operation temperature 
340-370°C, liquid hourly space velocity, LHSV 0.33- 
1.00 h _1 . Before providing feedstock, catalysts were 
sulfided with gas oil solution containing 1 vol% carbon 
disulfide. Liquid samples were obtained after oil/gas 
separation. 

2. 2. Analysis of Base Oils 

Distillation properties of product oils were evaluated 
with the ASTM D 2887 method to determine 360°C + 
conversion defined as Eq. (1). 

360°C + conversion (wt%) = 

(Co -Ci)/ Cox 100 (1) 

where Co (wt%) = 360°C + fraction of feedstock (2) 
C, (wt%) = 360°C + fraction of products (3) 
Except when the n-paraffin content was under 1 wt%, 
product oils were dewaxed with mixed solvent (50% 2- 
butanone/50% toluene). Dewaxed samples were dis- 
tilled with a TBP distillation apparatus and the bottom 
oils with boiling point above 360°C were taken as the 




Fig. 1 Structure of 2 Branched Isoparaffin: Relationship of 
CHs, CH Carbon Ratio and Branching Number 

lube base oil samples. 

Kinematic viscosities at 37.8, 40, 98.9 and 100°C 
were analyzed with the ASTM D 445 method. The 
Distortionless Enhancement by Polarization Transfer 
(DEPT) method was used to assign each peak of the 
13 C-NMR analysis of base oils to CH, CH 2 , and CH3 
carbon assuming that quaternary carbon atoms were not 
present. Analysis was performed with a JEOL Ltd. 
GSX-270 NMR spectrometer with a 10 mm sample 
tube filled with approximately 50% of sample oil dilut- 
ed with CDCb. Each peak was quantified by the 
analysis of 'H gated decoupling without NOE, because 
the peak area obtained by the DEPT method is not 
quantitative. 

2. 3. Determination of the Structural Parameters 
of IsoparafTins 

Average Carbon Numbers (ACNs): Average molecular 
weights were calculated from the kinematic viscosities 
at 37.8°C and 98.9°C by the ASTM D 2502-92 method. 
ACNs were calculated with Eq. (4), assuming that base 
oil samples in this study virtually consisted of only 
noncyclic paraffins with molecular formula of C«H2«+2. 
ACN = (average molecular weight - 2)/14 (4) 
Average Branching Numbers (ABNs): The ABNs, 
were calculated with two methods. As shown in Fig. 
1, ABN is equal to the average number of CH3 carbons 
in one molecule minus 2 (Method A). ABNs can also 
be derived by counting CH carbon number in one 
molecule (Method B). Both CH 3 and CH carbon 
ratios were obtained from 13 C-NMR analysis. ABNs 
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were calculated with the two methods and compared. 
Method A: ABN = ACN x CH 3 carbon ratio - 2 

(5) 

Method B: ABN = ACN x CH carbon ratio (6) 
3. Results and Discussion 



of isoparaffin, a parameter that represents molecular 
size (carbon number), and the state of branching. 
3.2. Comparison of ABN by Method A and 
Method B 

ABNs obtained by method A and method B are com- 
pared in Fig 4. The good correlation suggests that the 



3. 1. Properties of Prepared Base Oil 

Most prepared base oils have very high viscosity 
indexes from 130 up to 159. However, one sample 
had a relatively lower viscosity index (113.8). These 
results suggest that it is important to optimize the oper- 
ation conditions of the hydrocracking/isomerization 
reaction and to understand the molecular structure 
change during the preparation of high viscosity index 
lube base oils. 

Analysis of FD-MS and iodine number confirmed 
that no olefins and a small amount of cyclic paraffins 
containing 1 naphthene ring were present in the pre- 
pared base oil. Figure 2 shows that at lower conver- 
sion under 40 wt%, the ratio of paraffins containing 
naphthene rings were very low, though at higher con- 
version ratio the content was relatively higher. This 
suggests that paraffins containing naphthene rings were 
generated in the process of isomerization. 13 C-NMR 
spectra (Fig. 3) or column chromatography indicated 
that the base oils did not contain aromatic compounds. 

Based on these results, the molecular structures of 
base oils in this study were evaluated using 2 parameters 
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Fig. 2 Correlation between 360°C Conversion and Naphthene 
Content in Base Oil 
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Feedstock: FTW-1, hydrocracking/isomerization conducted under the following conditions. 
H 2 pressure: 9.0 MPa, Ha/oil ratio: 1500 N///, operation temperature: 350°C, LHSV: 0.44 tr l . 

Fig. 3 IJ C-NMR Spectrum of Lube Base Oil 
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Average Branching Number 
(Method A, Calculated from CH 3 Carbon Ratio) 

Fig. 4 Comparison of Average Branching Numbers Calculated 
from Method A and B 
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Fig. 6 Correlation between 360°C + Conversion and Average 
Carbon Number of Base Oil 
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Fig. 5 Correlation between 360°C + Conversion and Viscosity 
Index of Base Oil 
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Fig. 7 Correlation between 360°C + Conversion and Average 
Branching Number of Base Oil 



calculation method proposed in this report using analyt- 
ical data of 13 C-NMR is reliable. ABNs obtained by 
these methods can be applied to the investigation of the 
molecular structure of isoparaffins in lube base oils. 
ABNs obtained of method A are the basis of the fol- 
lowing discussion. 

3. 3. Viscosity Index and Molecular Structure 

Figure 5 shows the effect of the severities of the 
hydrocracking/isomerization reaction on the viscosity 
index of base oil. The viscosity index was drastically 
lowered with increased conversion with every feed- 
stock. These changes can be attributed to structural 



changes of the isoparaffins which form the base oils. 
360°C + conversion was varied by changing both opera- 
tion temperature and liquid hourly space velocity, 
LHSV. However, properties of base oils or molecular 
structure changes could be described as a function of 
only 360°C + conversion, that is 360°C + conversion is 
the only index that represents the severity of the hydro- 
cracking/isomerization reaction. 

Figures 6 and 7 show the correlation of 360°C + con- 
version with ACN and ABN, respectively. In the case 
of FTW-1, even at very low conversion (below 10 
wt%), about 2 branches were generated (Fig. 7). 
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Fig. 9 Correlation between New Structural Parameter 
(ACN) 2 x (ABN)-' and Viscosity Index of Base Oil 



Fig. 8 Correlation between Average Carbon Number, Average 
Branching Number and Viscosity Index of Base Oil 



With increased conversion, ABN increased up to 2.4 
and other feedstocks showed similar trends. These 
results show that the formation of the first and second 
branches in the paraffin chain is a very quick reaction. 
On the other hand, the formation of the third and subse- 
quent branches is comparatively slow. ACN tended to 
decline with increased conversion of all feedstocks 
(Fig. 6). This result indicates that the base oils 
became lighter. 

These findings suggest some kind of correlation of 
ACN and ABN with the viscosity indexes as shown in 
Fig. 8 and correlation curves depend on the feedstock. 
These results indicate that both ACN and ABN are 
important factors for the viscosity index. Therefore, 
we attempted to describe viscosity indexes as a func- 
tion of ACN and ABN with following Eq. (7). 

viscosity index = /{ (ACN) a x (ABN) 6 } (7) 
Using (a, b) = (2, -1) as multipliers, Eq. (7) and viscos- 
ity index showed good correlation as a quadratic curve 
regardless of used feedstock as shown in Fig. 9. This 
result shows that viscosity indexes of base oils prepared 
by hydrocracking/isomerization of waxy feedstock can 
be determined as a function of ACN and ABN. The 
obtained formula (ACN) 2 x (ABN) -1 was factorized as 
shown in Eq. (8) to analyze the adopted multipliers. 
The viscosity index can be expressed by multiplication 
of a function that expresses the size of the molecule 
(ACN) and a function that relates to the methylene 
chain length of the paraffin ((ACN) X (ABN)" 1 )). 



(ACN) 2 x (ABN)" 1 - (g) 
(ACN) x {(ACN) x (ABN)- 1 } 
It may seem a little strange that the viscosity indexes 
could be represented only by ACN and ABN, because 
the location of branches or the type of branches, such 
as methyl or ethyl or so on, strongly affect the viscosity 
properties of base oil 5) . This result indicates that the 
location of branches or the type of branches have only a 
few variations in the case of hydrocracking/isomeriza- 
tion of Fischer-Tropsch paraffins or a-olefins. Reference 
5) shows some properties of various kinds of hydrocar- 
bons, such as kinematic viscosity or viscosity index. 
It is difficult to compare directly these data with the 
present results as the structures of some isoparaffins 
found in this reference are not practical in the case of 
base oils prepared from FT wax hydrocracking/isomer- 
ization, but the values can be of great help for under- 
standing the result of our study. 

As our results indicated that methylene chain length 
of paraffin is supposed to be an important factor for 
viscosity index, the influence of methylene length was 
investigated. A new molecular structural parameter 
that we call Methylene Chain Index was employed for 
this investigation. Methylene Chain Index = £(ML 15 ) 
where ML = methylene length. For example, the 
molecule shown in Fig. 10 has 4 carbon, 5 carbon, and 
6 carbon methylene chains, so KML 1 5 ) = 4 1 5 + 5 1 5 + 6 1 5 = 
33.9. Figure 10 shows the correlation of Methylene 
Chain Index of several i-C26s and n-C26 with viscosity 
index, and indicates that longer methylene length is 
favorable for higher viscosity index. The influence of 
carbon number is also confirmed in Fig. 11. This 
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information explains the utility of Eqs. (7) and (8). 

Matsuyama et al. proposed that the area of certain 
peaks of 13 C-NMR spectra relate to the methylene chain 
length of lube oil molecules prepared from crude oil 
and had good correlations with viscosity index 6) . The 
same method was applied to the lube base oils of the 
present study and the correlation with viscosity index 
was evaluated. As shown in Fig. 12, the correlation 
between the proposed index and viscosity index strongly 



c 

So 
o 



170 
160 
150 
140 
130 
120 
110 
100 



□ A 



10 20 30 40 

Index Representing Methylene Chain Length 

♦ FTW-1, BFTW-2, DFTW-2 (400°C cut), ^ AO-1, O AO-2. 

Fig. 12 Dependence of Viscosity Index on Methylene Chain 
Length 



> 

•a 

E 

03 

I 



R 2 = 0.9641 




20 



40 



♦ FTW 

Fig. 13 



25 30 35 

Average Carbon Number 

1, ■FTW-2, DFTW-2 (400°C cut), AAO-1, O AO-2. 

Correlation between Average Carbon Number and 
Kinematic Viscosity at 100°C 



depended on the feedstock. This result strongly indi- 
cates that the size of the molecule is an important factor 
for viscosity index as well as methylene length and 
must be included in the structural parameters that repre- 
sent viscosity index. 

3. 4. Kinematic Viscosity and Molecular Structure 
Figures 13 and 14 show the correlation between 
ACN and kinematic viscosity at 100°C and 40°C, 
respectively. Kinematic viscosity at 100°C had a 
good correlation with ACNs regardless of feedstock, 
but the correlation at 40°C seemed to be influenced by 
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Fig. 15 Correlation between Structural Parameter (ACN) 30 x 
(ABN) 0J and Kinematic Viscosity at 100°C of Base Oil 



feedstock. 

Therefore, a similar formula, (ACN) fl x (ABN) 6 was 
applied to kinematic viscosities at both 40°C and 
100°C. By employing (a, b) = (3.5, 0.9) for the vis- 
cosity at 40°C and (3.0, 0.5) for the viscosity at 100°C, 
good linear relationships between viscosity and 
molecular structural parameter (ACN) fl x (ABN) fr were 
obtained as shown in Figs. 15 and 16. 

These results indicate that though molecular size is 
the dominant factor for kinematic viscosity, branching 
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state is also influential. 

4. Conclusion 

Lube base oils were prepared by hydrocracking/iso- 
merization of Fischer-Tropsch synthesized waxes and 
long-chain ce-olefins with various carbon chain lengths. 
Correlations between operation conditions, viscosity 
properties of base oil, and molecular structures were 
investigated. 

(a) Viscosity indexes of prepared base oils widely var- 
ied from 1 14 up to 159 with severity of hydrocracking/ 
isomerization reaction and feedstock used. 

(b) Viscosity index decreased steeply with increased 
severity of hydrocracking/isomerization reaction with 
all feedstocks. The relationship between conversion 
and viscosity index depends on the feedstock. 

(c) Average branching numbers (ABN) in one molecule 
were calculated from 13 C-NMR analysis and average 
carbon numbers (ACN). ABN increased and average 
carbon number (ACN) decreased with increased severity 
of hydrocracking/isomerization reaction with all feed- 
stocks. 

(d) ABN and ACN were applied to the description of 
viscosity properties of lube oils. The molecular struc- 
tural parameter (ACN) 2 x (ABN)" 1 showed good corre- 
lation with viscosity index. The correlation can be 
determined only with ABN and ACN and is in- 
dependent of feedstock or operation conditions of the 
hydrocracking/isomerization reaction. 

(e) The relationship between structural parameters and 
kinematic viscosities can be expressed by (ACN) fl x 
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(ABN)* adopting suitable multipliers a and b. 
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